A physiologically-based pharmacokinetic (PBPK) model of the vaginal space was developed with the aim of predicting concentrations in the vaginal and cervical space. These predictions can be used to optimize the probability of success of vaginally administered dapivirine (DPV) for HIV prevention. We focus on vaginal delivery using either a ring or film.
Introduction
HIV continues to be a major global public health concern affecting approximately 36.7 (34.0-39.8) million people worldwide at the end of 2015 [1] . Prevalence is clearly concentrated in Sub-Saharan Africa where it still affects approximately 25.6 (23.1-28.5) million people [1] . Infection disproportionately impacts young African women and adolescent girls [2] as they make up a significant vulnerable population who account for >50% of cases in Africa and are most at risk of acquiring new infections [2] . While the chance of male to female sexual transmission of HIV is relatively low (0.30% in low income countries [3] ), almost all methods of HIV protection currently available are dependent on male cooperation (e.g. condoms or voluntary male circumcision). The development of female-controlled, pre-exposure prophylaxis (PrEP) has the potential to provide vulnerable women with protection from sexually transmitted HIV infection.
The World Health Organization (WHO) guidelines for PrEP currently recommend the use of daily oral PrEP [4] . The effectiveness of daily oral dosing with Truvada (emtricitabine and tenofovir disoproxil fumarate) for PrEP has been studied extensively [5] [6] [7] [8] [9] [10] [11] . However, many of these studies suffered from some degree of poor patient adherence (reviewed in [11] ) and the reported reduction in HIV infection rates varied between 44% [5] and 86% [6, 7] . Given that the risk of HIV infection is disproportionately high in young African women and adolescent girls, additional options for PrEP are greatly needed.
The development of safe and effective vaginal microbicides for topical PrEP offers women safe, effective alternatives to oral dosing and according to the WHO such products have "great potential to reduce the number of people newly infected if scaled up strategically among populations at high risk of infection" [2] (see [12] [13] [14] [15] for reviews of vaginal microbicides development). The women at risk are a diverse group including both married and unmarried women. It is therefore logical to assume that they will have a variety of differing personal preferences, particularly with regards to their preferred formulation, the product acceptability, and their general interest or concerns (see for example [16] ). The need to study and develop topical PrEP dosage form options for women is therefore crucial.
This manuscript focuses on the topical antiretroviral (ARV) drug, dapivirine (DPV). DPV is a non-nucleoside reverse transcriptase inhibitor that blocks HIV's ability to replicate in healthy cells by irreversibly binding and inhibiting HIV reverse transcriptase and thus preventing conversion of viral RNA to previral DNA [17] . The metabolism of orally administered DPV appears to be primarily by cytochrome P450 (CYP) isozymes in the liver [18] and while oral absorption is poor, it has been shown to be a promising drug candidate for topical PrEP formulations. DPV has been studied in the clinic in three vaginally applied dosage forms, an intravaginal ring, film and gel.
The DPV ring incorporates drug into a flexible silicone matrix polymer capable of sustaining long-term ARV release locally [19, 20] . Women are able to insert the ring themselves vaginally, where it slowly delivers DPV directly to the site of potential infection until it is removed 1 month later. Early clinical trials showed the ring's long-term safety and efficacy [21, 20, [22] [23] [24] [25] , while later trials found the ring moderately reduced HIV incidence by 27-31%, compared to the placebo, with efficacy improving with increased patient adherence [26, 27] . Two open-label extension studies are currently gathering real world data on the DPV ring including extended safety data, how, when and why women use the ring, the level of patient adherence and the associated ring efficacy [28, 29] .
In comparison to the ring, quick dissolving DPV films are a much newer microbicide dosage form which to date have been evaluated in the clinic for coitally dependent protection from HIV infection. It is hoped that films may provide a more acceptable method of vaginal drug delivery than previously seen with gels, given that films can be discreetly used without the leakage issues associated with gel products. The FAME-02 first-in-human study compared the safety, pharmacokinetics (PK) and pharmacodynamics (PD) of gel and film formulations of DPV [30] . They concluded that DPV films could effectively deliver ARVs to genital tissue at concentrations sufficient to prevent HIV infection and similar to those seen in sustained delivery systems [30] . The FAME-02B study investigated the multicompartment PK (blood, cervical tissue and cervicovaginal fluid) and ex vivo PD (HIV tissue explant challenge) over one week in women using a single vaginal DPV film or gel product [31] . They found both the film and gel were well tolerated and concluded that the PK findings of FAME-02B were consistent with those measured after seven daily doses (FAME-02) [31] .
Physiologically-based (PB) PK modelling and simulations can be used to predict the PK profile of a drug in specific tissues and organs by combining physiology, population and drug characteristics. They are particularly useful during the early stages of drug discovery where information on the compound is limited since these models can be informed by in vitro and preclinical data. A validated PBPK model has the potential to aid in the development of vaginally administered drugs, particularly in terms of suggesting the recommended dosing regimen for first-in-human studies and further evaluating and optimizing clinical trial design. Moreover, PBPK modelling has become increasingly accepted by regulatory agencies as a means of informing clinical studies a priori, and as such it has become a useful tool in drug development [32, 33] . To date, multiple software packages have been developed to allow users to run PBPK simulations [34] [35] [36] [37] [38] . However, these models have primarily focused on drugs administered via more traditional routes (i.e. oral, intramuscular, intravenous administration) with the most advanced model methodologies relating to describing oral gut metabolism and transporters. To our knowledge, there are currently no PBPK models that allow the user to administer drugs vaginally.
Vaginal dosing presents a unique set of challenges for PBPK model development. In this case, vaginal administration aims to achieve high concentrations in the local vaginal tissue (to prevent new infections by HIV) and low systemic concentrations (to reduce the chance of adverse events). This requires a detailed, well-defined description of drug release from different formulations into the vaginal luminal fluids and movement into and through local tissues. Work dedicated to describing the physiology and blood flow rates of vaginal tissue, especially in nonpregnant women, is limited. Similarly, work to investigate potential changes in the vaginal ecology and physiology associated with different drugs and diseases states is particularly under-investigated. This is perhaps not surprising when one considers the difficulty in obtaining consent to do trials in this area of the body and the highly inaccessible nature of the tissues. Further confounding the model development process is characterization of drug absorption, distribution and elimination. For example, while the absorption profile of a drug administered orally may be well characterized, changing the route of administration can lead to drastically different absorption profiles. There may be flip-flop kinetics to consider along with increased/decreased exposure in local tissues. Similarly, drug clearance may be well-known following oral dosing but vaginally dosing aims to dramatically reduce the concentration of drug in the systemic circulation and so it is more important to determine whether the drug can be metabolized and/or eliminated before reaching the systemic circulation (see discussion for an example in DPV).
This paper describes the development of a PBPK model of the vaginal space and specifically focuses on simulating DPV delivered vaginally by either a ring [21] or film [30] . Our aim was to provide a robust modelling framework that can be applied to vaginally administered antiretroviral drugs to quantitatively predict local tissue concentrations in the cervicovaginal tract, plasma concentrations and their potential future effectiveness. While we recognize the importance of clinical trials, particularly during drug/formulation development, they require a huge investment of both time and money. We hope that the addition of this validated PBPK model can provide answers to questions regarding the optimal dosing regimen for drugs, the optimal formulation for the drugs, and the effect of patient adherence on product effectiveness.
Methods
A PBPK model characterizing the physiological structure of the vaginal tissue and luminal fluid in humans was developed using a series of ordinary differential equations and implemented in the MATLAB software (version R2017a; Mathworks, Natick, MA, USA).
Structural model
The structural compartments of the PBPK model are shown in Figure 1 . Briefly, the model includes five tissue/organ compartments representing the vaginal epithelium, vaginal stroma, lungs, liver and the rest of body. All model compartments were assumed to be homogeneous and well mixed. In this model, drug enters the system via the dosage form (i.e. ring or film), directly into the vaginal luminal fluid compartment. Drug was assumed to leave the system via the liver only. Movement of drug through vaginal tissue was assumed to happen both passively and actively while movement through the systemic circulation was mediated by blood flow rates and partition coefficients. Mass balance equations were written for each compartment; hence, the model is described by a series of differential equations.
Model equations
A detailed description of all model equations can be found in the supplementary material.
Figure 1
The structural compartments of the physiologically-based pharmacokinetic model. The compartments represent the ring or film, the vaginal fluid, tissues and organs; connecting arrows represent blood supplies (solid black), elimination of drug (dotted black), passive movement of un-ionized drug (blue) and active movement of ionized drug (green) Formulation independent equations. Briefly, drug released from a dosage form (i.e. ring or film) was present in the luminal fluids, epithelium and stroma tissue in both its unionized and ionized form. The change in un-ionized and ionized drug in the luminal fluid over time was described as:
where D Lumen and D IonLumen represent the amount (mg) of unionized and ionized drug respectively, V Lumen is the volume of the luminal fluid (L), the k parameters are model rate constants (described in Table 2 ), DR Formulation represents the equation describing drug release from the dosage form (ring/film) into the luminal fluids (described in Equations (6) and (7) respectively), I Lumen is the ionization rate in the lumen and UI is the un-ionization rate. Similar equations describing drug movement through the epithelial and stromal tissue in the stromal blood are given in the supplementary material (Equations S3 to S6).
The drug in the systemic circulation was described as:
where the subscripts V, A, VS, CO, B, H and L represent model compartments for the veins, arteries, vaginal stroma, cardiac output, rest of body, liver and lungs, respectively. Q is the blood flow rate (l h -1 ), D is the amount of drug (mg) and P is the partition coefficient of a given compartment. The drug concentration in a typical tissue was described as:
where the i subscript refers to the individual tissue being considered, V i is the total volume of the tissue (l), Q i is the tissue blood flow rate or the total cardiac output in lung tissue (l h -1 ), D i is the amount of drug in tissue (mg) and P i is the partition coefficient. The liver has an additional clearance term for Equation (5):
Ring formulation. Drug released from the vaginal ring was described as:
where D Ring is the amount of drug in the ring (mg), k parameters are model rate constants (described in Table 2 ), and t is the model time. The positive form of this equation describes the drug release, DR Formulation , from the ring formulation to the luminal fluids in Equation (1) . The ring simulations (described in section 2.4.1) included use of multiple rings and so the Ring subscript indicates ring specific parameters. The model time was adjusted for rings inserted later in the simulation (i.e. after Day 0) using the model time t minus the time the current ring was inserted t Ring . Further details on how these parameters were derived is included in the section on ring-dependent parameters below.
Film formulation. Drug release from the film was described as:
where the Film subscript refers to the specific film parameters and V is the volume of the film. The positive form of this equation describes the drug release, DR Formulation , from the film formulation to the luminal fluids in Equation (1) . Further description of these parameters is given in below in the section film-dependent parameters.
Model parameterization
Formulation independent parameters. Extensive literature reviews were performed to determine the PBPK parameters required by the model. The PB parameters included the relative volumes of the model compartments, their associated pH and blood flow rates. The PK parameters included rate constants describing drug movement, the drug's pKa to determine ionization rates, the drug clearance rate and partition coefficients. The final anatomic, physiological and PK parameters and their associated interpatient variability are given in Table 1 and Table 2 respectively. The parameters describing the vaginal physiology were largely inferred indirectly from other data. For example, the volume of the vaginal epithelium (V VE ) was determined from the size of a typical vaginal cell [39] , the vaginal surface area [40] , the thickness of a single cell layer [41] and the typical number of cell layers [42] . Variability in the epithelium volume was incorporated by varying these intermediary parameters according to the coefficient of variation (CV) percentage reported in the literature (Table 1 ). Gao and Katz [43] measured the thickness of the vaginal epithelium and stroma at 200 μm and 2800 μm respectively. Given their observation that the stroma is approximately 14 times thicker than the epithelium, it was assumed the volume of the stromal tissue (V VS,t ) was also 14 times greater, i.e. (0.077 l × 14) = 1.078 l. There are currently no estimates of the volume of blood in the stromal tissue (V VS,b ) and so we used estimates of the dermal blood volume measured by Yudovsky and Pilon [44] as a proxy. They developed a method to inversely measure the blood volume percentage in the inner/outer forearm and forehead of patients; measurements varied from 0.78 to 2.06% blood volume. The stromal tissue was expected to have a rich blood supply and so a value of 2% total blood volume was used i.e. total blood volume (5.4 l) × 0.02 = 0.108 l. A sensitivity analysis was performed and the volume had only limited impact on the simulation results. Estimates of the volume for all other physiological compartments were taken directly from the literature (see Table 1 ). Variability was incorporated into these tissue volumes using the specific patients weight to maintain the ratio of tissue volumes between patients.
The total cardiac output was found by multiplying the heart rate by the stroke volume. For the average patient at rest, the heart rate and stroke volume were determined to be 70 beats min -1 and 70 ml min -1 , respectively, which gives a resting heart rate of 4900 ml min -1 or 294 l h -1 ( Table 1) . The blood flow rates of the lungs and liver were taken from [41] . The only available data on blood flow rates in the vaginal stroma came from nine volunteers with normal pregnancies [45] . Issa et al. [45] reported the mean blood flow rate in the uterine vein and artery as 274 ml min -1 and 203 ml min -1 respectively. The median value of 238.5 ml min -1 (or 14.3 l h -1 ; Table 1 ) was used in our simulations. This is likely to be an overestimate as vaginal blood flow increases during pregnancy but the paper does not report what stage of pregnancy women are in or how much they expect blood flow rates to have increased from the baseline (i.e. nonpregnant flow rates). Variability was incorporated in to the blood flow rates by varying the heart rate and stroke volume (assuming 30% CV and log-normal distribution) and recalculating the total cardiac output. The ratio of blood flow rates was then maintained by multiplying the mean flow rate percentage by the new total cardiac output.
The ionization rate of drugs in the luminal fluid, epithelium and stroma was derived using the HendersonHasselbach equation:
where the pKa is the acid dissociation constant and DPV has a pKa of 5. 8 [46] . Human tissue, in this case vaginal epithelium and stroma, was assumed to have a pH of 7 ( The bioavailability of vaginally administered formulations was systematically reduced until the simulated concentrations in the luminal fluid and tissues matched those measured in clinical trials; a value of 30% was chosen. Variability was incorporated by choosing a random number from a uniform distribution between 25-35%. Orally administered DPV appears to be primarily cleared by CYP isozymes in the liver [18] and so we assumed that vaginally administered DPV was also eliminated from the liver only ( Figure 1 ). The rate of metabolic clearance was determined by performing a parameter scan in simbiology, this allows the user to determine the effect of varying the value of a parameter on the species of interest. The final value ensured simulations were able to replicate field data ( Table 2) .
Partition coefficients for DPV were estimated from data in Neves et al. [47] who administered 25 μl of fluorescent DPVloaded nanoparticles intravaginally to 8-12-week-old mice. The mice were sacrificed at predetermined time points to determine drug concentration and PK parameters. Figure 4b of [47] shows the DPV levels in different tissues, organs and blood plasma following daily vaginal administration of DPV-loaded nanoparticles. We digitized these data to determine the mean DPV concentration on days 1 and 14 in each tissue/organ/plasma and used the plasma: tissue ratio to inform the partition coefficients ( Table 2 ). The day 1 and day 14 DPV concentrations were found to be 0.005 μg ml -1 and 0.006 μg ml -1 respectively in plasma, 0.02 μg g -1 and Figure 4b of [47] ). However, the authors were unable to detect DPV in the lungs at either time point and so for the purpose of calculating a partition coefficient we assumed the concentration was below the limit of detection (0.001 μg g -1 ; reported in the supplementary information of [47] ). Given that the tissues measured here related to the reproductive system and three of the four organs had undetectable DPV concentrations on either day 1 or 14, the partition coefficient of our rest of body compartment (P B ) was assigned by testing different values until simulations were able to replicate observed data.
Ring dependent parameters. Table 2 ]. Drug was assumed to be released from the surface of the ring first, the rate of release was expected to reduce over time as an area of drug depletion is created at the surface of the ring structure. Subsequent drug must then diffuse through the ring structure before being released and the larger this drug-depletion zone, the slower the drug is released [19] . To mimic this in silico, we allow the initial rate of drug release (k a ) to decay exponentially over time according to the rate constant, k a_exp . The value of k a at time t, is therefore:
The value of k a_exp used here was determined by testing multiple values to find which provided the best fit to data ( Table 2) .
The rate of drug movement from the vaginal fluids to tissue was based on the assumption that all drug released from the ring moves into the tissue. Nel et al. [23] measured the level of DPV in vaginal fluids after ring removal in eight healthy women and determined a mean value of 12-14 h. We used a terminal elimination half-life of 12 h to describe drug movement from luminal fluids to tissue.
Film-dependent parameters. Each DPV film had a target loading dose of 1.25 mg and was designed to dissolve rapidly in the vaginal luminal fluids [46] . Full details on the development and characterization of the film can be found in Akil et al. [46] ; a standard class IV United States Pharmacopeia method with a 1% Cremophor aqueous solution was used to test DPV film dissolution. They found DPV was rapidly released from the film, with 50% of the DPV released in <10 min ( Figure 5 of [46] ). We therefore assumed each film had a half-life of 10 min, which is equivalent to a drug release rate constant (k F,L ) of 4.16 h -1 .
With the obvious exception of PK parameters that describe the release of drug from the different formulations, the only other parameter that differs between ring and film formulations is the rate of drug movement from the luminal fluids to the epithelium (k L,E ). When simulating the ring formulation, the k L,E was informed by the terminal elimination half-life of DPV in the vaginal fluids (described above). However, using this k L,E rate in the film simulations results in very high, sustained concentrations of DPV in the vaginal fluids and very low tissue/plasma concentrations that were not in line with what was measured during clinical trials. This probably occurs because the film releases the drug very quickly in a short space of time while the ring releases the drug much more slowly over a much longer period. For example, given our assumption of 30% bioavailability (see above), the ring releases 1.2 mg of DPV over 28 days and the film releases 0.375 mg of DPV in approximately 1 h. For simplicity, if we were also to assume a constant release rate of DPV from the ring, we would conclude the ring releases approximately 1.2 (mg) /28 (days) / 24 (h) = 0.0018 mg of DPV h -1 compared to the film's release rate of 0.375 mg h -1 . This is equivalent to a 200-fold increase in the concentration gradient between the luminal fluids to the epithelium following film administration compared to ring administration. As a result, the rate of drug movement from dosage form to lumen in the film simulations was increased to approximately 50-fold greater than that used in ring simulations to produce simulated drug concentration profiles matched those seen in clinical trials (note, values of approximately 100-, 150-and 200-fold greater were also tested).
Simulations
The PBPK model was used to simulate DPV concentrationtime profiles in the vaginal luminal fluids, tissues and blood plasma following administration of two different DPV formulations. Simulations were implemented in the Simbiology package of Matlab (version R2017a; Mathworks, Natick, MA, USA) for either 100 days (ring simulations) with time steps of 1 h or 100 h (film simulations) with time steps of 0.1 h. The Matlab results were plotted using R (version 3.3.3 [48] ).
Ring simulations. The simulated dosing regimens for the ring study were taken from Nel et al. [21] who followed women using the DPV ring (Ring-004). The study was a double-blind randomized, placebo-controlled trial in which 48 women were assigned to one of two treatment groups. The women in ring group A used two rings over a 56-day period. The first ring was inserted for 28 consecutive days, upon removal, there was a 3-day period without a ring and then the second ring was inserted for 28 days. The women in group B used three rings over 57 days. The first ring was inserted for 35 consecutive days, followed by a 3-day period without a ring, the second ring was inserted for 21 days and on removal of the second ring, a third ring was inserted immediately for 24 h. Each DPV ring contained a loading dose of 25 mg of DPV and was assumed to release approximately 4 mg of drug over 28 days [24] . We simulated the results of each regimen in a single patient for 100 days using the mean values of the PBPK parameters described in Table 1 and Table 2 . Although patients only had rings inserted for up to 57 days, simulations were run for 100 days to ensure the drug elimination profile in the vaginal fluid, all tissues and plasma was captured. The results were exported to R and the simulated luminal fluid and plasma concentrationtime profiles were plotted with the mean patient data (extracted from Figure 2A and 2B of [21] respectively) to visually determine whether simulations were able to capture the mean patient profile. Note that in Nel et al. [21] , the original PK profiles plotted in Figure 2A and 2B of [21] include large error bars around each mean value. As the error bars in these plot overlaps substantially, it was unfortunately not possibly to extract and exact estimate of the associated error for each point. Additionally, the luminal concentrations were measured in three locations: the surface of the cervix, introitus and near the site of ring placement. The introitus measurements are sufficiently far away from the luminal fluid and vaginal tissues being simulated here that this study only aims to predict the concentration in the luminal fluids measured in the cervix and near the site of ring placement. We include data measured from luminal fluids on the surface of the introitus only because it was measured in the study and provides an estimate for the amount of drug moving away from the vaginal tissue. Although the DPV tissue concentrations were not reported in patients, the simulated tissue concentrations were plotted for completeness.
Film simulations. The dosing regimen for the DPV film was taken from the phase I, FAME 02 study; a single-site, double-blind, randomised placebo-controlled trial that compared the safety, PK and PD for DPV dosage forms, a film and gel, with placebo formulations [30] . The DPV film had a loading dose of 1.25 mg and with a half-life of disintegration assumed to be 10 min [46] . The study randomized 15 women to the DPV film and each were given seven daily doses of DPV film with doses 1 and 7 administered at the study site and doses 2-6 administered at home [30] . Raw data collected directly in the FAME 02 study include single-time point measurements of the drug concentration in the cervicovaginal lavage, vaginal tissue, cervical tissue and plasma for each patient in the hours following administration of dose 7. The results of a single film application were simulated in a single patient for up to 100 h using the mean PBPK parameters described in Table 1  and Table 2 . The simulated results were outputted to R and the cervicovaginal lavage, tissue and plasma concentrationtime profiles were plotted with the individual patient data from the FAME 02 study for visual confirmation that the mean parameters were able to capture the general patient profile.
Visual predictive check simulations. After running the individual simulations described above, we ran visual predictive check (VPC) simulations for all ring and film scenarios. All VPC simulations were run 1000 times for 30 patients with variability incorporated using the parameters associated CV values (Table 1 and Table 2 ) and, assuming a log-normal distribution (unless otherwise stated), the sampling.
Distribution uncertainty -one estimate per percentile -not the uncertainty associated with them. Repeatedly simulating populations of 30 patients provides insight into the simulation predictions at each of the percentiles and whether there was a departure in those percentiles from the observed data. The first VPC simulations were performed to determine whether the model remained predictive when variability was incorporated into parameters that were estimated with some uncertainty and all parameters arbitrarily assigned. This included the volume of the vaginal stroma tissue (V VS,t ) and blood (V VS,b ), DPV bioavailability (F), which impacts estimates of k F,L , and k a in the film and ring study respectively), DPV (CL), the rest of body partition coefficient (P B ) and the following rate constants: k a_exp (ring study only); k L,E_film (film study only); k E,S_active ; k ST,SB ; k ST,SB_activ; , and k SB,ST (see Tables 1 and 2 for explanation of abbreviations). Sensitivity analyses indicated the concentration in each compartment was sensitive only to parameters defining the rate of drug movement into a compartment, i.e. k L,E_film , k E,S_active and k ST,SB_active for the lumen, epithelium and stroma compartments, respectively (data not shown). The second set of VPC simulations included interpatient variability in all parameters to reflect the true population variability and aimed to show that the model could again capture the patient data from clinical trials.
External model validation. The dosing regimen of a second ring study [23] was used to determine whether the model was capable of predicting the results of a study not included in the original model building process. The chosen study was a double-blind, randomized, placebo-controlled trial in which 16 healthy women were randomized 1:1 to use either the active or matching placebo ring for 28 consecutive days [23] . The study's active ring was the same as that used in the model building: Ring-004 containing 25 mg of DPV [21] . The ring formulation methods described above and the mean PBPK parameters described in Table 1 and Table 2 were used to simulate the concentration-time profiles of DPV in women for 35 days after the ring was inserted. The resulting profiles were plotted against the average patient profile (extracted from Figure 1 of [23] ) to visually assess simulation predictions and compared with the select PK parameters given in Table 2 of [23] to allow a quantitative comparison of the model predictions and patient population.
Results

Ring simulation results
A single patient, described using the mean PBPK parameters given in Table 1 and Table 2 , was simulated for each of the three dosing regimens and DPV concentrations were estimated in the vaginal fluid, tissue and plasma concentrations over 100 days. The simulated concentration-time profiles of DPV in the vaginal fluid, plasma, epithelial tissue and stroma tissue, for a single patient, using two or three consecutive DPV rings (regimen A or B) are given in Figures 2 and 3 , respectively.
Figure 3
Dapivirine concentration-time profiles following administration of three vaginal rings (Group B dosing regimen in [21] ) measured in the vaginal fluid, plasma, epithelium tissue and stroma tissue. The first ring was inserted for 35 consecutive days and, upon removal, followed by a 3-day period without a ring. The second ring was inserted for 21 days and on removal, a third ring was inserted immediately for 24 h. The black line represents the DPV concentration of a single patient simulated using the physiologically-based pharmacokinetic parameters from Tables 1 and 2 Nel et al. [21] determined the DPV concentration in patients' plasma and vaginal fluid; the vaginal fluid was sampled from the surface of the cervix, the introitus and near the site of ring placement (i.e. vagina). Table 3 shows the results of simulated vaginal fluid and plasma with the reported mean [standard deviation (CV%)] values of: (i) maximum DPV concentration (C max ); (ii) time to C max (T max ); (iii) DPV concentration prior to ring removal (for all rings); and (iv) DPV concentration immediately following insertion of ring 2. Table 4 shows the area under the concentration-time curve (AUC; mg h l -1 ) reported in vaginal luminal fluids and plasma after women removed ring one; AUC0-28 for group A and AUC0-35 for group B (reported in Table 2 of [21] ). This was compared to the corresponding AUC of the extracted (patient data from Figure 2 of [21] ; see methods) and simulated concentrationtime profiles shown in Figure 2 and Figure 3 . The simulated AUC of the vaginal fluid was within 1% (group A) and 3-5% (group B) of both the extracted and reported mean AUC (Table 4) . Simulations were also able to predict DPV concentrations measured on the surface of the cervix; simulated AUC was approximately 1.1-fold and 1.3-fold larger than the extracted and mean reported AUC in groups A and B respectively (Table 4) . Notably, DPV concentrations in the luminal fluids sampled from patient's the introitus were approximately 3.5-fold smaller than measured in the patient's vagina or cervix. The simulated DPV plasma concentration-time profiles are shown on panel B of Figure 2 and Figure 3 . While rings one and two were inserted, Table 3 reports concentrations for the simulated profiles and those measured in patients. The simulated AUC differed from the reported and extracted plasma AUCs by 1.01-1.27 fold and 1.16-1.21 fold for groups A and B respectively ( Table 4) . The simulated plasma concentration following insertion of ring 3, in group B, slightly underestimated the level of DPV accumulation during the 24 h of use (panel B, Figure 3 ). The DPV concentration in vaginal tissue was simulated and plotted (panels C and D of Figure 2 and Figure 3 ) but not measured by Nel et al. [21] . While the tissue concentration-time profiles follow a similar shape to those measured in the fluids and plasma, the DPV concentration was significantly lower in the stroma tissue compared to the epithelium.
Film simulation results
The concentration-time profiles following use of the DPV film was simulated in the vaginal fluid, plasma, epithelium tissue and stroma tissue of a single patient and are shown in Figure 4 . The C max in the luminal fluid is reached very quickly (approximately 30 min) after film insertion, the concentration then falls to pass through the patient data points measured 2-4 h after film insertion and then below the HIV in vitro IC99 (measure in cervical tissue, 3.3 ng ml -1 [21] ) within 10 h (panel A of Figure 4 ). The simulated plasma concentration gradually increases to a C max of 0.0012 mg l Figure 4 ). The simulated epithelium and stroma tissue concentrations accumulate very quickly, reaching C max approximately 1-3 h after film insertion respectively (panels C and D of Figure 4 ). DPV concentrations measured in the epithelium pass through the range of values measured in patient vaginal and cervical tissue samples while stroma concentrations are just below. As with the ring simulations, the larger stroma volume means stromal concentrations are approximately 14 times smaller than the those measured in the epithelium.
VPC results
The VPC simulations for the three regimens ( Figures 5-7 and Figure S1 to Figure S3 ) included 1000 simulations of 30 patients. For each fluid or tissue in a single simulation (i.e. of 30 patients), the 5th, 50th and 95th DPV concentration centile values were determined. The median (50th centile) and range (5th to 95th centile) of these centiles was found across all 1000 simulations and is indicated by the black line and grey bands respectively. So, for example, the top black line and its associated grey band on each plot represent the median and range of the 95th centile DPV concentration.
Ring VPC. The first set of VPC simulations ( Figure S1 to Figure S2 ) included variability in the PBPK parameters that were either estimated with some uncertainty or with uncertainty arbitrarily assigned (see methods). The median 50 th centile prediction of DPV concentration in the vaginal fluid almost exactly follows the patient measurements of DPV measured near the ring and cervix (panel A of Figure S1 and Figure S2 ). As with the single patient simulations, concentrations measured on the surface of the introitus remained below the predicted range. The simulated plasma concentrations were also able to predict patient data when the ring is inserted. However, there are some slight deviations approximately 21 days (~500 h) after ring insertion; the fall in the simulated plasma concentrations is slightly quicker than we would expect from the patient measurements. This was particularly evident for the simulations of the group B dosing regimen ( Figure S2 ) where patients wore the first ring for longer (35 days Film VPC. The VPCs of the DPV film (Figures 7 and S3) , show the simulated range of DPV in the vaginal fluid and plasma were able to capture the majority of the concentration data points measured in patients. Both sets of VPCs show only a few patient data points (fewer than five) falling below the simulated 5 th centile range. The simulated range of epithelium concentrations passes through the Table 3 Simulated and reported DPV concentration in the luminal fluid and plasma after ring administration for (A) dosing regimen A and (B) dosing regimen B
A. Simulated results come from the single patient simulations using the physiologically-based pharmacokinetic parameters from Table 1 and Table 2 .
c Reported values show the median (range) extracted Table 2 of [21] . 
External model validation
The simulated concentration-time profiles of DPV in the vaginal fluid and plasma, epithelial, for a single patient, after using a single DPV ring are given in Figure 8 . Nel et al. [24] determined the DPV concentration in patients' plasma and vaginal fluid; the vaginal fluid was sampled from the surface of the cervix, the introitus and near the site of ring placement (i.e. vagina). These simulations aimed to predict vaginal fluid samples taken from the cervix and near the site of ring placement. Table 5 The simulated concentration-time profiles of DPV in the vaginal fluid closely matched that measured in patients ( Figure 8A and Table 5 ). The simulated AUC of the vaginal Table 4 Simulated and reported DPV area under the concentration-time curve (AUC) in the luminal fluid and plasma after ring administration for dosing regimens A and B a Reported AUC show the mean ± standard deviation (coefficient of variation %) reported in Table 2 of [21] ; the median or geometric means and standard deviation of the logs were not available in the original publications.
b Extracted values were determined from the patient data extracted from Figure 2 of [21] . c Simulated results come from the single patient simulations using the physiologically-based pharmacokinetic parameters from Table 1 and Table 2 . AUC = area under the concentration-time curve Figure 4 Dapivirine (DPV) concentration-time profiles following administration of a single vaginal film measured in the vaginal fluid, plasma, epithelium tissue and stroma tissue. The black line represents the DPV concentration of a single patient simulated using the physiologically-based pharmacokinetic parameters from Tables 1 and 2 . The coloured dots represent single time point measurements in patients participating in the FAME 02 study; DPV concentration was determined in the vaginal fluid (blue), plasma (orange), cervical tissue (red) and vaginal tissue (purple) for each patient in the hours following administration of dose 7. As the study did not provide information on the proportion of epithelium or stroma tissue present in their tissue samples, we include both vaginal and cervical tissue measurements on the plot. The individual panels show the DPV concentration in: (A) vaginal luminal fluid; (B) plasma; (C) vaginal epithelial tissue; and (D) vaginal stromal tissue fluid was within the reported range of AUC measured on the surface of the cervix and near the ring (Table 5 ). The simulated DPV plasma concentration-time profiles are shown on panel B of Figure 8 and the Table 5 shows the DPV concentrations and AUC for the simulated profiles and those measured in patients. As with the previous simulations of plasma concentrations, the model predicted a slower rise in plasma levels than that seen in patients (see T max and C 1.5h , Table 5 ) but the model was able to almost exactly predict the plasma C max [reported C max = 3.5 × 10 À6 mg l -1 vs. simulated C max 3.3 × 10 À6 (mg l -1 ); Table 5 ].
Discussion
It is clear that achieving safe, effective and affordable female-driven protection is crucial to reducing HIV infection among women. Accurate models that are able to quantify the effectiveness of vaginal microbicides for PrEP have the potential to aid drug development. This paper details the development, calibration and validation of a PBPK model describing the physiological structure of the vaginal space and the absorption/distribution of vaginally administered drugs using a system of differential equations. The Figure 6 Dapivirine concentration-time profiles as for Figure 3 but including variability to allow for visual predictive check of simulated profiles. The visual predictive check simulations were run 1000 times for 30 patients with variability incorporated in to all model parameters using the values and associated coefficients of variation given in Tables 1 and 2 . In each panel, the grey bands represent the variability in the 5 th , 50 th and 95 th centiles while the black line shows the 50 th centile value for each distribution Figure 5 Dapivirine concentration-time profiles as for Figure 2 but including variability to allow for visual predictive check of simulated profiles. The visual predictive check simulations were run 1000 times for 30 patients with variability incorporated in to all model parameters using the values and associated coefficients of variation given in Tables 1 and 2 The results show the final PBPK model, with reduced bioavailability and parameterized using the values in Table 1 and Table 2 , was able to reasonably reproduce clinical trial
Figure 7
Dapivirine concentration-time profiles as for Figure 4 but including variability to allow for visual predictive check of simulated profiles. The visual predictive check simulations were run 1000 times for 30 patients with variability incorporated in to all model parameters using the values and associated coefficients of variation given in Table 1 and Table 2 . In each panel, the grey bands represent the variability in the 5 th , 50 th and 95 th centiles while the black line shows the 50 th centile value for each distribution Figure 8 The dapivirine (DPV) concentration-time profiles following insertion of a single vaginal ring for 28 consecutive days measured in the (A) vaginal fluid and (B) plasma. The black line represents the DPV concentration of a single patient simulated using the physiologically-based pharmacokinetic parameters from Table 1 and Table 2 . The coloured lines represent the average DPV concentration collected from patients the vaginal fluid near the site of the ring (blue), from the vaginal fluid on the surface of the cervix (red), the vaginal fluid on the surface of the introitus (purple) and the plasma (orange). The grey and orange bands (panels A and B, respectively) show the range of the patient data error bars extracted from Figure 1 of [23] . Note that the original publication [23] does not report whether the data plotted represent the population mean and standard deviation or median and range data when simulating DPV delivery via a vaginal ring or film and both qualitatively and quantitatively replicate the results of an independent ring study. The choice of model PBPK parameters was, where possible, based on the estimates (and their associated variability) reported in the literature. However, data characterizing the vaginal tissue volumes, vaginal blood flow rates and drug movement through the cervicovaginal tract of humans are limited and required some assumptions. For example, the volume of the vaginal epithelium tissue was inferred based on the size of a typical vaginal cell [39] , the vaginal surface area [40] , the thickness of a single cell layer [41] and the typical number of cell layers [42] . The thickness (and hence volume) of the epithelial tissue would also differ throughout a women's menstrual cycle. While this added layer of complexity was not incorporated into this current model, the explicit inclusion of the epithelium tissue allows users to easily incorporate this if they choose to (e.g. through a time-varying estimate the number of cell layers in the epithelium). This appears to be a reliable approximation for the epithelium but unfortunately, similar details describing the vaginal stroma were much more limited. The volume of the vaginal stroma was therefore based on the observation of Gao and Katz [43] that the stroma is approximately 14 times thicker than the epithelium. The accuracy of this estimate was difficult to test with the data available to us; the ring study did not provide DPV tissue concentrations and the film study provided single time-point measurements of vaginal and cervical DPV without reference to the proportion of epithelium or stroma tissue present. The results of the film simulations ( Figure 7 and Figure S3 ) suggest that the stromal drug concentration is underestimated by the simulation. This is likely to be a direct result of the difference in tissue volumes; the stroma tissue was assumed to be 14 times larger than the epithelium and the simulated stroma concentrations are approximately 14 times smaller those simulated in the epithelium (e.g. 0.05 mg l -1 /14 = 0.0035 mg l -1 ). One obvious way to overcome this would be to reduce the volume of the stroma and hence increase the simulated concentrations. However, there are currently no data available to suggest whether this is would be a biologically accurate strategy and we were reluctant to speculate given the equally limited data available describing DPV movement through the stroma. It is also likely that there will be a concentration gradient throughout both vaginal tissues that is not accounted for by the model (which currently assumes compartments are distinct and well mixed); however, the inaccessibility of these tissues would make this difficult to quantify in vivo.
The VPC simulations provided insight into the simulation predictions at each of the percentiles and show there was no great departure in those percentiles from the observed data. To ensure the simulated populations predictions are specific to the population of interest, users can easily incorporate between-subject differences in drug disposition due to demographic and clinical differences by changing the mean parameter values or variability estimates given in Table 1 and  Table 2 . For example, the estimate of vaginal surface area used here reflects the mean surface area determined from 62 vinyl polysiloxane casts of the vagina by Pendergrass et al. [40] . The original study by Pendergrass et al. [50] obtained the vaginal casts and aimed to compare the vaginal shapes in Table 5 Simulated and reported dapivirine concentration and area under the concentration-time curve (AUC) in the luminal fluid and plasma after ring administration Simulated results come from the single patient simulations using the physiologically-based pharmacokinetic parameters from Tables 1 and 2. c Reported values show the median (range) extracted from Table 2 of [21] .
Afro-American (n = 23), Caucasian (n = 39) and Hispanic (n = 15) women. They found statistically significant variations in the vaginal shapes and dimensions between the three groups [50] . Alongside the mean population estimates of vaginal surface area, the later study [40] also provides data describing the surface area according to the subject's race, parity and vaginal shape. This information can be incorporated into the population simulations through changes in the parameter values to reflect the specific demography of the study population. The only limitation to making the simulations more study-specific, is the availability of data describing the vaginal space in the target population. The DPV partition coefficient parameters were estimated from mouse data describing DPV levels in different tissues, organs and blood plasma [47] . This relied on two key assumptions: (i) that tissue/organ to plasma ratio is equivalent to the tissue/organ to blood ratio; and (ii) that data generated in a mouse model were representative human partition coefficients. These assumptions were arguably unlikely but without an alternative data source, and with model predictions that were able to replicate field data, they were the best option available. Future applications of this model to other drug compounds would obviously require researchers obtain drugspecific estimates of these partition coefficient parameters.
Another important assumption made here, was that drug bioavailability was just 30%. This was done to reduce the simulated drug concentrations to within the reported patient range. Without this assumption, the model was able to replicate the shape of the DPV concentration-time profiles in each tissue/fluid but it consistently over-estimated the amount of drug present. There are a number of possible reasons to explain why the remaining 70% of the drug is unavailable. For example, drug elimination of orally administered DPV occurs primarily in the liver. However, when administered topically, it is possible mucosal tissue or the bacteria present in the luminal fluid may play an important role for local drug metabolism. Zanger et al. [51] determined a small subset of CYP isozymes regulate 70-80% of metabolism for all clinically used drugs, including antiretrovirals. Recently, To et al. [18] demonstrated that CYP enzymes are expressed and active in both vaginal and colorectal tissue. Using tissue biopsies from healthy volunteers, they show both tissues were able to metabolize DPV, producing metabolites that were determined to be CYP-mediated using human liver microsomes [18] . The model currently assumes that any metabolism of DPV occurring in luminal fluid and vaginal tissue is accounted for by reducing the bioavailability parameter. This seems a logical first step as the rate/amount of tissue metabolism is not reported. However, further work to characterize a biotransformation rate of DPV in biologically relevant tissue/fluid would allow for more explicit inclusion of the process in the model.
The reduced bioavailability in this model can also be explained by the movement of DPV into other tissues or fluid leakage. For example, information describing the volume and movement of ambient vaginal fluid is limited, in part, due to the difficultly involved in sampling it. The specific volume of vaginal fluid used here, was based on two studies that determined the median ambient fluid volume was 0.51 ml [52] , and reported that patients' volume ranged from either 0.33-0.69 ml [52] or 0.5-0.75 g (assuming the vaginal fluid density of 1 g cm -3 ; [53] ). Masters and Johnson suggested that the presence of vaginal fluid varies along the length of the vaginal canal [54] and, while likely, there is no specific information describing this difference and so this model assumed it was evenly distributed. Owen and Katz [55] previously suggested a maximum fluid volume of approximately 0.75 ml but they reference prior studies suggesting the daily production of vaginal fluid is around 6 g day -1 , with approximately 0.5-0.75 g present in the vagina at any one time (see Table 1 of [55] ). This implies a relatively high rate of fluid turn over and hence a potential for drug loss. The convective effects (or turnover rate) of vaginal fluid also appears to cause rapid distribution of drug across the vaginal surfaces [56] and it seems likely that this carries a significant portion of the drug up into the cervix. Nel et al. [21] show fluid samples taken from the surface of the cervix contained approximately the same concentration of drug as that measured near the ring in the vagina. We chose not to explicitly model the cervical tissue at this time to limit the number of parameters arbitrarily defined. To date, the PB data characterizing cervical tissue volumes, blood flow rates and rates of drug movement (through cervical tissue) is scarce and their inclusion would further increase model uncertainty. It is also possible that DPV moves into colon tissue or the lymphatic system. A preclinical study by Murphy et al. [49] , inserted a single 25 mg DPV vaginal ring into four adult female cynomolgus macaques (Macaca fascicularis) for 28 days. After 28 days, animals were necropsied and the DPV concentration characterized in three samples of various tissues (vagina, cervix, uterus, rectum, female genital tract draining lymph nodes and distal lymph nodes). They found DPV was present in the vaginal tissue (1800 ng g -1 ), the cervix (94 ng g -1 ) and the rectum (40 ng g -1 ) but noted no detectable DPV in the uterus, axillary lymph nodes or iliac lymph nodes [49] . A study by Nuttall et al. [57] , determined drug concentration in the draining lymph nodes of rhesus macaques following once daily administration of [14C]DPV gel for 7 days. They found low levels of DPV and radioactivity were present in the iliac and inguinal lymph nodes at 1 and 24 h after dosing (mean DPV values varied, 3-15 ng g -1 , Table 2 of [57] ).
While low, these concentrations are approximately 100-fold greater than those reported and simulated in the plasma of humans and thus may account for a proportion of unavailable drug. One current limitation of the model is that the process of in vitro drug release is not differentiated from the formulation and chemical dissolution properties of the formulation in vivo. The current estimate of DPV release rate for the film in vivo was informed by an in vitro DPV film dissolution test which showed 50% of the DPV was released in <10 min [46] .
The in vitro experiment was conducted using Cremophor, a nonbiologically relevant media, which is required in the experimental set up to maintain sink conditions due to the hydrophobicity of DPV. The solubility of DPV in this medium is much greater than that anticipated in biological fluids and observations from clinical trials suggest drug release levels, as well as film disintegration rate, are greatly overestimated in experiments with the Cremophor-containing medium. It was assumed that any effect of the formulation and drug dissolution characteristics were accounted for in the reduced bioavailability. This paper set out to describe a PBPK model of vaginally administered drugs with specific application to DPV, delivered via a vaginal ring or film. We employed a top-down approach to model development in which we allowed our understanding of a woman's physiology to dictate the models compartmental structure. However, the limited availability of data describing drug properties lead to difficulties describing drug absorption and movement through vaginal tissues, and thus the model relies on the assumptions outlined above. Describing drug movement using rate constants is not necessarily typical of PBPK models, but in this case, they were often based on some underlying physiological or chemical properties. For example, the rate of drug movement from the luminal fluids to epithelial tissue is based on both vaginal surface area and tissue permeability. The rate constants used herein where chosen to reduce the number of model parameters; however, the user could, of cours,e define these intermediate values and have the model determine a rate of movement if they prefer. This choice has arguably made the resulting model structure more similar to that of a semi-physiological model rather than a strictly PBPK model. To a certain extent, this limits the degree of generalizability of this model to other drug compounds. However, by highlighting the limitations of the current model structure and describing the types of data required to develop this into a more mechanistic PBPK model, we provide a reliable foundation for future researchers to build on.
Despite these assumptions, the PBPK model described here was able to reproduce patient data and the population variability accurately. Simulations of a single patient using either the ring or film, show DPV concentration-time profiles that closely match the mean profiles extracted from the literature. Following ring insertion, both simulated and patient profiles show DPV concentrations immediately increase rapidly, decrease gradually while the ring is inserted and then fall off rapidly when the ring is removed. The shape of the simulated plasma profiles was similar to that seen in the luminal fluids (i.e. a quick increase following ring insertion, a steady decline over time and then fairly rapid decline after ring removal) but, as seen in patients, systemic concentrations were approximately 4-fold lower. Following film insertion, DPV was rapidly released into the vaginal fluid and quickly moved into the tissue. Due to the highly hydrophobic nature of DPV [58] , movement into the systemic circulation is slow and, as with the ring simulations, the simulated/reported DPV plasma concentration remains much lower than tissue concentrations. The simulated plasma concentration never reached the HIV EC99 remained below the HIV IC50 for approximately 200 h (panel B of Figure 4 ). The VPC simulations show that, despite the relatively large interpatient variability included in parameters that were either estimated with some degree of uncertainty or arbitrarily assigned, the model was still able to adequately predict the patient concentration-time profiles. The ring VPCs of the epithelium and stroma tissue (panels C and D of Figure S1 and Figure S2 ), show a relatively large, and sometimes overlapping, range of simulated DPV concentrations. Peak concentrations in simulated stromal tissue varied by as much as 7-fold compared to approximately 3-fold variability in the simulated DPV in the vaginal fluid. This is probably due to the higher number of parameters that were estimated with some uncertainty or arbitrarily assigned when determining stromal tissue concentrations. For example, we do not have data directly measuring the volume of stroma or estimating the rate drug moves into and out of the stromal tissue and so it makes sense that when allowing an arbitrary 30% variability in all these parameters it would give the widest range of estimates.
This work provides the first physiological and systems framework that focuses specifically on characterizing the cervicovaginal tract to evaluate vaginally administered DPV in different formulations. Applying this model to other vaginally administered compounds would require users to recalibrate the model in terms of the drug specific parameters. However, the in silico predictions of drug concentration in the vaginal luminal fluid, tissue and plasma of humans presented herein, have the potential to reduce both the risk and enormous costs associated with bringing new drug compounds and/or formulations to market. For example, it allows comparatively quick evaluation of different formulations and dosing regimens, which would lead to more quantitatively informed decisions regarding clinical trial design. This in turn should reduce the risk associated with clinical trials and potentially reduce the number of trials or patients typically required. The model can also be used to evaluate the potential effectiveness of drugs by combining it with PD models of drug effect. Specifically, we have introduced a robust quantitative method that can be used to estimate the efficacy of vaginal PrEP interventions for HIV.
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http://onlinelibrary.wiley.com/doi/10.1111/bcp.13625/suppinfo Figure S1 Visual predictive check profiles as for Figure 5 but includes variability in only the parameters that were estimated with some uncertainty and all parameters arbitrarily assigned. The visual predictive check simulations were run 1000 times for 30 patients with variability incorporated in to the estimated model parameters using the values and associated coefficient of variation given in Table 1 and Table 2 Figure S2 Visual predictive check profiles as for Figure 6 but includes variability in only the parameters that were estimated with some uncertainty and all parameters arbitrarily assigned. The visual predictive check simulations were run 1000 times for 30 patients with variability incorporated in to the estimated model parameters using the values and associated coefficient of variation given in Table 1 and Table 2 Figure S3 Visual predictive check profiles as for Figure 7 but includes variability in only the parameters that were estimated with some uncertainty and all parameters arbitrarily assigned. The visual predictive check simulations were run 1000 times for 30 patients with variability incorporated in to the estimated model parameters using the values and associated coefficient of variation given in Table 1 and Table 2 
